While the oxidative stability of single walled carbon nanotubes has been studied extensively, very little is known about the diameter dependence of oxidative stability in multiwalled carbon nanotubes ͑MWNTs͒ and the effect of vacuum annealing on such stability. We have investigated six sets of samples with different diameters in the range of 5-100 nm systematically by thermogravimetric analysis ͑TGA͒ before and after vacuum annealing. High resolution transmission electron microscopy studies provide evidence for structural defects in the nanotube walls. Further, it reveals that with increasing diameter, interlayer d-spacing between concentric tubes decreases. Experimental TGA profile is found to constitute multiple components of oxidation as revealed from reverse Sigmoidal fitting. Analysis of the TGA profile shows that the oxidation temperature follows an exponential recovery function with increasing diameter, while width of the differentiated TGA spectra decreases. It is shown that oxidative stability of lower diameter MWNTs are primarily controlled by lattice strain, while that of large diameter MWNTs is decided by the defects in the nanotube wall. High vacuum annealing studies in the temperature range 300-1000°C show major improvement in the structure and oxidative stability for MWNTs annealed at 500°C. Results are compared with those of the single walled nanotubes. The observed diameter dependence is explained on the basis of strain in the nanotube lattice and defects in the nanotube walls.
I. INTRODUCTION
Since their discovery, the single walled carbon nanotubes ͑SWNTs͒ and multiwalled carbon nanotubes ͑MWNTs͒ have prompted numerous studies of the structure, properties, and potential applications. Although the SWNTs have received major attention in the last two decades, the unique mechanical and electronic properties of MWNTs are proving to be a rich source of new physics and could also lead to new applications in materials and devices. MWNTs have got immense applications as molecular composites in organic solar cell, 1 as supercapacitor, 2 gas sensors 3 infrared detectors, 4 and in biological systems. 5 Oscillations of the core of the MWNTs have been demonstrated as a nanomechanical system of operating frequency of several gigahertzes. 6 Electron emission from the side wall of an individual MWNTs has been observed. 7 Very recently, high quality graphene nanoribbons have been produced by unzipping mildly gas-phase oxidized MWNTs. 8 In spite of huge practical applications and potential use of MWNTs, no well-defined protocol exists for characterization of material quality and the effect of the diameter on physical properties of these materials. Very few studies are dedicated to study the role of defects, strains, and interlayer separation on the oxidative stability of MWNTs.
Thermogravimetric analysis ͑TGA͒ has been used to study the oxidative stability of graphite, diamond, C 60 , C 70 , and nanotubes ͑SWNTs and MWNTs͒. 9 TGA has also been used to investigate the adsorption of gasses on the inner and outer walls of carbon nanotubes ͑CNTs͒. 9 Refinement of CNTs involving the removal of non-nanotube carbon impurities such as amorphous carbon, other fullerences, and graphite is possible through partial oxidation. However, as it progresses simultaneously in a competitive manner among various forms of carbon, only those less stable than CNTs may be effectively removed in this manner. It is generally accepted that under oxidative conditions, tubular structures are substantially less stable than graphite and most disordered carbon. 10 Smaller diameter nanotubes are believed to oxidize at lower temperature due to higher curvature and strain. 11 Defects and derivatization moiety in nanotube walls can lower the thermal stability. Weight loss below 400°C shows presence of amorphous carbon. 12 TGA studies by
Bom et al. 9 have provided evidence for defects playing a significant role in the thermal stability of MWNTs.
Defects are inherently present in as-grown and acid purified CNTs and are known to contribute to a decrease in the oxidative stability of CNTs. 9 Various kinds of defects including edges, dangling bonds, vacancies, dislocations, steps, 5,7-membered ring defects, Y-junctions, and kinks may be present in CNTs. Defects including five-membered rings are responsible for closing the ends of nanotubes. Most of the defects sites are particularly reactive to oxygen at elevated temperatures. It has been demonstrated that high temperature air oxidative occurs preferably at kink sites. 13 In addition to defects, the oxidative stability of CNTs can also be influenced by nanotube diameter 14 and local curvature of CNTs.
single wall CNTs. 15 The relation between bond curvature with the nanotube radius has been expressed in terms of "local curvature radius" defined as an inverse of the "bond curvature." 16 Most of the reported studies have been carried out on either low diameter SWNTs and MWNTs or on carbon nanofibers with large diameters. However, no systematic studies on the diameter dependence of oxidative stability have been reported for MWNTs of intermediate range of diameters, such as 10-100 nm.
It has been reported that in MWNTs grown by chemical vapor deposition ͑CVD͒ technique, catalyst type and synthesis temperature have a measurable impact upon nanotube stability, suggesting differing levels of crystalline perfection in the resulting nanotubes. 17 Smalley and co-workers 18 have observed an excellent correlation between oxidation temperature and Raman spectra in case of SWNTs of diameter range 0.8-2.0 nm indicating an inverse variation in oxidation rate with tube diameter. Defect sites were found to affect the oxidation temperature of MWNTs. An enhancement of oxidative stability has been observed in case of high temperature annealed MWNTs. 9 Degree of crystallinity improves generally with high temperature annealing. 19 High resolution transmission electron microscopy ͑HRTEM͒ studies have shown that as the annealing temperature is raised, the interlayer distance between nanotube walls decreases, suggesting higher orders and diminishing defect density. 20 Annealing at high temperatures may lead to decrease in metallic impurity content and increase in nanotube diameter. 21, 22 Open tips and graphite defects allow a means to escape for the metal and metal oxide vapor. 20, 22 Kinetics of oxidation of various forms of carbon including SWNTs has been investigated by monitoring calorimetric signals from phase transformations using differential thermal analysis ͑DTA͒ and two exotherms have been observed corresponding to more than one transformations. 23 More recent study has shown that the oxidation of CNTs need not originate in the nanotube caps, but may originate in the other areas of increased reactivity, such as wall defects. 24 However, no systematic studies on the effect of diameter and the role of defects and strain on the oxidative stability of MWNTs have been reported in the literature.
In this work, we have studied the diameter dependence of oxidative stability for MWNTs of wide range of diameters ͑5-100 nm͒ grown by CVD. Six set of samples with average diameter of 7, 15, 20, 30, 50 , and 80 nm are studied systematically before and after high vacuum annealing at different temperature. For comparison, studies have been performed on SWNTs of diameter Ͻ2 nm. HRTEM has been utilized to study the diameter distribution, interlayer separation and presence of structural defects in the nanotube walls. For the first time, we demonstrate a clear diameter dependence of oxidative stability in MWNTs. TGA results are explained on the basis of lattice strain and structural defects. We have also studied effect of vacuum annealing at various temperatures on the oxidation profile of SWNTs and MWNTs to investigate the role of defect in the oxidative stability of nanotubes.
II. EXPERIMENTAL DETAILS
MWNTs used for the present study were grown by catalytic CVD method and subsequently purified using standard acid treatment and these were procured from Shenzhen Nanotech, China. Details of the sample specifications and nomenclature are given in Table I . MWNTs are of length 5-15 m and of six diameter ranges: Ͻ10, 10-20, 10-30, 20-40, 40-60, and 60-100 nm. Standard characterizations have shown that these MWNTs are of Ͼ95% purity and have good crystalline structure. 25 For comparison, SWNTs of diameter Ͻ2 nm and purity Ͼ50% have been studied. These samples have been studied systematically to identify the diameter dependence of the oxidation profile. The samples are named as per the mean diameter of the MWNTs. Effect of vacuum annealing was studied on SWNTs of diameter Ͻ2 nm and MWNTs of diameter range 10-20 nm. Vacuum annealing of SWNTs and MWNTs was performed at 1 ϫ 10 −6 mbar using a high temperature vacuum furnace equipped with turbo molecular pump and a quartz tube. After reaching the high vacuum in the quartz chamber, heating was started at ϳ5°C/ min. Samples were vacuum annealed at desired temperature for 2 hours and cooled naturally in vacuum. Vacuum annealing was performed at four different temperatures 300, 500, 700, and 1000°C. The annealed SWNT samples are named as SW-300°C, SW-500°C, SW-700°C, and SW-1000°C, respectively. Similarly, MWNTs vacuum annealed at 300, 500, 700, and 1000°C are referred as MW-300°C, MW-500°C, MW-700°C and MW-1000°C, respectively. TGA studies were carried out using a commercial TGA apparatus ͑Metler-Teledo TGA To study the content of metal catalysts in each sample and its possible role in oxidative stability, magnetization measurements were performed at room temperature using a Lakeshore vibrating sample magnetometer ͑VSM͒ ͑Model 7410͒ .
III. RESULT AND DISCUSSION
A. HRTEM studies HRTEM imaging was carried out first to extract the mean diameter of the MWNTs in different samples. HRTEM studies show that smallest diameter ͑Ͻ10 nm͒ MWNTs have an average diameter of ϳ7 nm, named as CNT-7. CNT-15 specified to have diameter in the range 10-20 nm is found to have an average diameter of 15.2 nm, as measured from HRTEM. In CNT-15, TEM images recorded at various locations show presence of significant amount of carbon nano-onions and fullerenes. CNT-20 ͑10-30 nm͒ sample showed a mean diameter of 21.5 nm and CNT-30 ͑20-40 nm͒ showed 31.0 nm under HRTEM. We noticed that CNT-50 consists of MWNTs of averaged diameter 50 nm along with small fraction of MWNTs of diameter ϳ20 nm as impurity. TEM studies of CNT-80 ͑60-100 nm͒ showed an average diameter of 92.0 nm. The large diameter nanotubes ͑CNT-50 and CNT-80͒ show some dark regions in the HR-TEM images. Though it appears like amorphous regions at low resolution, high magnification imaging reveals that these regions are graphitic layers with higher interplanar spacing than the other regions with better image contrast.
HRTEM images of MWNTs show clear variation in the interwall d-spacing with diameter, as shown in Fig. 1 . Experimentally, a d͑002͒ spacing of 3.8 Å was observed for the lowest diameter ͑5.8 nm͒ MWNT. With increasing diameter, we observe a systematic decrease in d 002 spacing from 3.6 Å to 3.2 Å as the diameter increases from 6.7 to 63.2 nm, as evident from Fig. 1 . For diameter higher than 60 nm, the interplanar d-spacing does not change significantly. We find that for the lowest diameter MWNTs, interplanar d͑002͒ spacing is highest and it monotonically decreases with increasing diameter. It is understood that the decrease in intershell spacing with higher diameter nanotubes results primarily from interlayer interactions and defect mediated structural stabilization of nanotube layer. 25 Note that lower diameter tubes possess high curvature and associated high strain that results in the higher d-spacing. Some of the fluctuations in the spacing observed is accounted for the jumps in the spacing at points where the helix angle changes as well as the inter layer staking fault defects like edge and screw dislocations occurs. Due to such defects, the interlayer spacing in higher diameter MWNTs is even smaller than that of turbostratic graphite.
HRTEM images of typical structural defects observed in the MWNTs are shown in Fig. 2 . Figure 2͑a͒ shows regions where interwall staking fault leads to sudden change in the interplanar d-spacing indicated by regions ␣, ␤, and ␥, whereas region ␦ clearly shows the break in between the layers. Figure 2͑b͒ shows the amorphous carbon depositions on the outer walls of MWNTs and surface terminated layers, i.e., broken outer walls and Fig. 2͑c͒ shows the encapsulated fullerene ͑peapods͒. Figure 2͑d͒ show the metallic catalyst filled MWNT. It indicates that the diameter of the MWNTs changes during growth with the changing shape of the molten catalyst during growth leading to more strain in the graphitic structure locally. Figure 2͑e͒ shows the linear chain of carbon atoms inside the nanotubes and Fig. 2͑f͒ shows the amorphous regions of the wall structure due to presence of high density of structural defects. Figure 2͑g͒ shows the herringbone ͑stacked cone͒ type nanotube. Figures 2͑h͒ and 2͑i͒ show the defects on the surfaces of the MWNTs. Figure 2͑j͒ shows HRTEM image of broken wall structure. Figure 2͑k͒ clearly shows the variation in inner diameter of a nanotube in the two different regions. Thus, it is evident from the HR-TEM images that various kinds of structural defects are present in the as-received MWNTs. These defects are expected to play a significant role in the oxidative stability of the MWNTs. Point defects can easily anneal out during heat treatment. However, extended defects transform in a more complex way. However, the overall structure of the nanotubes is expected to improve upon vacuum annealing.
B. TGA analysis
TGA is a standard analytical technique for the determination of the amount of metal catalyst and relative amount of different forms of carbon.
26 Figure 3͑a͒ shows the TGA spectra of different diameter MWNTs. It is clear from the spectra that the lower diameter MWNTs is completely oxidized at much lower temperature than the higher diameter MWNTs. Differentiated TGA spectra shows certain asymmetry in the peak shape indicating that multiple components may be present in the TGA spectra. As we expect different forms of carbon to be present in the MWNTs, experimentally observed TGA curves shown in Fig. 3͑a͒ were deconvoluted and fitted using reverse Sigmoidal function
where a 0 is the amplitude that physically represents the wt % of different phases of carbon present in the sample, a 1 is center of the peak that indicates oxidation temperature ͑T ox ͒, and a 2 is full width at half maxima of the peak. TGA curves obtained for all samples required three reverse Sigmoidal components for proper fitting and the fitted parameters are summarized in Table I . Figure 3͑b͒ shows the deconvolution of the TGA curve for CNT-7. Our TGA studies on SWNTs shows only two peaks at 350 and 448°C in the derivative data that are assigned to amorphous carbon and SWNT fraction, respectivley. 27 It is clear from Table I that all three components of the TGA spectra show systematic increase in T ox with increasing diameter up to a diameter of 30 nm. For higher diameter CNTs, the T ox does not increase any further.
In the literatures, usually Gaussian and Lorentzian line shapes have been attempted to fit differential TGA ͑DTA͒ spectra for estimating T ox and the number of carbon phases present in samples. However, the quality of fitting to the experimental data is usually very poor. 28 We find that the reverse Sigmoidal fit to TGA spectra yields a much improved fitting and matches the T ox estimated from DTA spectra fitted with Gaussian line shape. In case of lower diameter MWNTs, due to larger strain between carbon bonds, it is oxidized at comparatively much lower temperature. It is evident from our results that MWNTs are thermally more stable than SWNTs, due to the bigger tubular diameters which are correspondingly less strained and protected inner carbon shells as compared to the low diameter SWNTs. Figure 3͑c͒ shows different T ox for different diameter MWNTs. It is evident that average T ox of MWNTs increases systematically with increasing diameter. Figure 3͑d͒ shows the calorimetric signals from phase transformations monitored by standard DTA ͑SDTA͒ for MWNTs of various diameters. The exotherm shown in Fig. 3͑d͒ indicates more than one transformation during the heat treatment of large diameter MWNTs. The feature of SDTA curve is similar to the earlier reported result of Illeková and Csomorová, 23 who reported peaks at 399 and 468°C corresponding to amorphous carbon and SWNTs, respectively. This is because more than one rate controlling process is dominant at temperatures around the maximum of the main oxidation peak. We have observed a broad peak at ϳ420°C for CNT-7, CNT-30, and CNT-50, and at ϳ470°C for other samples along with a relatively sharp peak at ϳ630°C for all samples ͑except CNT-7͒. The two-peak SDTA profiles observed at ϳ420-470°C and at ϳ630°C are believed to result from the difference in lattice strain associated with different curvatures of inner and outer walls of MWNTs. CNT-7 does not show the high temperature second peak in SDTA profile, since the ultra low diameter MWNTs contains too few layers that are strained almost equally and no relaxed graphitic layers exists in the outer walls. Figure 4͑a͒ shows the diameter dependence of oxidation profile of various components obtained after deconvolution of experimental TGA profile. The experimental data points are shown with symbols and the dashed line is an exponential fit to each component, as shown in Fig. 4͑a͒ . It is interesting to note that the average T ox as obtained from ͑dW/ dT͒ max follows an exponential recovery function with increasing diameter, as shown in Fig. 4͑b͒ . This shows that T ox saturates at 663°C for MWNTs having diameter 30 nm and above. Different troughs in the DTA curve indicate three different rates of weight loss corresponding to three different oxidation reactions. In order to understand the specific contribution of defects in the oxidative profile of MWNTs, we performed Raman studies on MWNTs of different diameters. The inverse of the ratio of intensity of GЈ-band to D-band is FIG. 3 . ͑Color online͒ ͑a͒ TGA spectra of different diameter MWNTs showing higher T ox for higher diameter MWNTs; ͑b͒ deconvolution of TGA spectra of CNT-7 using reverse Sigmoidal functions; ͑c͒ DTA spectra shows an increase in ͑dW/ dT͒ max with increasing diameter and presence of other phases of carbon; and ͑c͒ SDTA plot of different diameter MWNTs showing absence of exothermic peak for CNT-7 in the temperature range 550-700°C.
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Singh, Iyer, and Giri J. Appl. Phys. 108, 084313 ͑2010͒ considered to be a good measure of defect density in CNTs. Diameter dependence of the defect density in these MWNTs is shown as inset of Fig. 4͑b͒ . It is evident from the scattered data points that the intensity ratio I G Ј / I D does not follow any systematic behavior with diameter, contrary to the expectation that higher thermal stability for higher diameter MWNTs may be partly related to lesser defect density in higher diameter MWNTs. It may be noted that at higher diameter, I G Ј / I D ratio increases with diameter, while the TGA results do not reveal any significant improvement in T ox for diameter range 30-80 nm. Nevertheless, TGA data in Fig. 4͑b͒ show a lower T ox for CNT-50 nm as compared to that of CNT-80, which is consistent with presence of lower defect density in CNT-50 as revealed from higher I G Ј / I D ratio. Thus, for very large diameter MWNTs where the strain/curvature effect is relatively low, the defect concentration dictates the T ox . On the other hand, for smaller diameter MWNTs as well as SWNTs, the lattice strain primarily determines the T ox overruling the effect of defects. Note that lowest diameter MWNTs shows a high I G Ј / I D ratio indicating low defect density, but have a low T ox as shown in Fig. 4͑b͒ . Thus, lowest diameter MWNTs behave similar to the SWNTs, due to high curvature and lattice distortion associated with low diameter. 25 However, careful analysis of the TGA results and Raman data for higher diameter MWNTs showed some correlation of T ox and defect density, as discussed before from Fig. 4͑b͒ . Thus, we believe that strain predominantly controls the oxidation profile of low diameter nanotubes, while the oxidation profile of large diameter nanotubes with low curvature is controlled by defects in the tube wall. In accordance with the literature, we assign the peak 1 of Fig. 4͑a͒ to SWNTs containing structural defects; peak 2 to mixture of near-perfect SWNTs and defective MWNTs and peak 3 to near-perfect MWNTs. These results clearly demonstrate the diameter dependent oxidative stability of MWNTs that is controlled by strain as well as defects in the nanotube.
C. Effect of vacuum annealing
The effect of vacuum annealing on the oxidative stability of the SWNTs and MWNTs are further studied by TGA. Figure 5͑a͒ shows the TGA spectra of SWNTs vacuum annealed at different temperature in the range 300-1000°C. Vacuum annealing is expected to improve the structure of nanotubes by removal of defects in the nanotube structures. It is found that SWNTs annealed at 700°C shows highest T ox . To evaluate contributions of different components in the TGA curves, TGA spectra of vacuum annealed samples were again deconvoluted using reverse Sigmoidal function and the parameters are summarized in the Table II. All the curves required three components to fit corresponding to the presence of three different species of carbon present in the sample. Corresponding DTA spectra for different samples are shown in Fig. 5͑b͒ . DTA spectra shows that virgin SWNTs have T ox of 448°C and it increases to 568°C after annealing at 300 and 500°C. With the further increase in annealing temperatures to 700 and 1000°C, T ox rises to 592°C. Note that the deconvoluted TGA spectral profiles of SWNTs listed in Table II clearly shows a decrease in wt % of peak 3 from 32.47% to 29.61% as the annealing temperature is increased from 700 to 1000°C. This is due to structural degradation of SWNTs annealed at high temperature ͑1000°C͒ under the high vacuum condition. Improvement in the oxidative stability of annealed nanotubes clearly indicate a structural improvement as well as strain relaxation during vacuum annealing that reduces the concentration of defects in nanotubes. In fact, powder x-ray diffraction ͑XRD͒ pattern ͑not shown͒ of annealed SWNTs shows higher 2 value as compared to virgin SWNTs, indicating lower d-spacing as a result of annealing. It also shows a small decrease in linewidth in the XRD pattern clearly indicating a relaxation of strain upon annealing. In a recent study, we have attributed the XRD linewidth to strain and lattice distortion in the nantubes. 25 The lattice distortion is considerably reduced by vacuum annealing. Thus, the optimum temperature of vacuum annealing for improved structure and improved oxidative stability of SWNTs was found to be 700°C. Deconvolution of peaks further shows that for major weight fractions of samples, vacuum annealing increases the T ox from 456 to 578°C. SW-700°C shows 32.47 wt % of perfect MWNTs ͑peak 3͒ as compared to 19.50 wt % observed in case of virgin SWNTs. This is due to fusion of two SWNTs forming higher diameter MWNTs, as has been observed under HRTEM. With further increase in annealing temperature to 1000°C, wt % of peak 3 decreases indicating decrease in number of walls, which forms few walled MWNTs or, finally SWNT leading to increase in the weight percentage of peak 2. In case of SWNTs, relative changes in the wt % estimated for peak 2 and peak 3 indicates conversion from single walled structure to multiwalled structure or thickening of walls of SWNTs upon vacuum annealing. Inset of Fig. 5͑b͒ shows that T ox for SWNTs have an exponential recovery behavior with annealing temperature and follows the following empirical relation as obtained from fitting the experimental data:
where T a is the vacuum annealing temperature. The first term ͑constant͒ in Eq. ͑1͒ represents the maximum oxidation temperature of annealed ͑up to 1000°C͒ SWNTs. Note that this expression holds for heating rate of 5°C / min and 40 SCCM of air flow with SWNTs. The constant in the exponential term represents a kind of relaxation temperature for the recovery of nanotube structure. Effect of vacuum annealing on oxidation behavior, i.e., TGA profile of MWNTs is shown in Fig. 6͑a͒ and DTA spectra is shown in Fig. 6͑b͒ . Virgin MWNTs shows two DTA peaks at 574 and 602°C due to presence of two types of species in the sample. In virgin MWNTs, the rates of oxidation were comparatively much higher than the vacuum annealed nanotubes. MWNTs annealed at 300 and 1000°C shows T ox of ϳ598°C, whereas MWNTs annealed at 700°C shows T ox at ϳ647°C, as shown in Fig. 6͑b͒ . Various parameters of oxidative stability for MWNTs obtained after deconvolution is listed in Table II . It clearly shows that vacuum annealing leads to a major improvement in T ox from 577 to 617°C after 500°C annealing. Along with this major component, another component was found at 650°C corresponding to the 32.56 wt % of sample. Further increase in annealing temperature to 700 and 1000°C do not show any further improvement in T ox . Instead, majority of MWNTs was found to oxidize at 596°C for 700°C annealed sample and at 581°C for 1000°C annealed sample. Thus, in case of MWNTs the optimum annealing temperature for removal of structural defects turned out to be 500°C. Although 500°C annealed MWNTs shows highest T ox but a careful look at the derivative data shows that oxidation starts at much lower temperature as compared to other samples. This indicates presence of structural defects acting as sites of high reactivity toward oxidation. Also the DTA spectra shows comparatively large amount of amorphous carbon in case of MW-500°C and MW-700°C. Further, in MWNTs the improvement in T ox after annealing is relatively much less compared to that of SWNTs. The improvement in T ox upon vacuum annealing is due structural improvement via sp 3 to sp 2 conversion. This is similar to sp 3 to sp 2 conversion of carbon-carbon bonds observed upon vacuum annealing in the range 600-1000°C in case of tetrahedral amorphous carbon. 29 We find that vacuum annealing increases T ox of both SWNTs and MWNTs. However, the improvement is more pronounced in case of SWNTs. The difference in the optimum annealing temperature found for SWNTs and MWNTs may imply that besides the high strain, the SWNTs contain more structural defects than the MWNTs. This is also consistent with the fact that the large diameter MWNTs with lower interwall spacing have a more stable structure due to presence of too few defects. The structural defects observed in HRTEM images of Fig. 2 are expected to be responsible for lower oxidative stability of SWNTs and MWNTs. Similar to the graphite 30 edges, dangling bonds, vacancies, distortions, etc., causes CNTs more susceptible toward oxidation. From the present results, it can be is concluded that the defects lowers the overall oxidative stability of both SWNTs and MWNTs. However, the T ox in SWNTs and low diameter MWNTs is primarily decided by the strain, while the T ox of large diameter MWNTs with minimum strain are controlled by the defects.
D. Raman studies
Raman spectroscopic studies were performed to study the effect of vacuum annealing on the structural improvements in SWNTs and MWNTs. Figure 7͑a͒ shows the evolution of the low frequency radial breathing mode ͑RBM͒ modes with annealing. Low frequency RBM ͑A 1g ͒ modes are known to be inversely proportional to the diameter of SWNTs. Virgin SWNTs show prominent peaks at 92.8, 131.9, 171.9, 184.3, 229.7, and 307.7 cm −1 . 300°C annealed SWNTs shows similar spectra with additional RBM features at 112.6, 162.0 and a small down shift in the lowest frequency mode at 92.8 indicating higher fraction of SWNTs perhaps due to formation of new SWNTs and an increase in diameter, respectively. However, SW-500°C shows reduction in intensity of RBM bands indicating possible degradation of SWNTs. On the other hand, SW-700°C sample shows improvement in the RBM features with a more intense band at 225.2 cm −1 . SW-1000°C shows further increase in intensity of RBM modes with strong peaks at 93.4, 132.4, 177.8 ͑strongest͒, 225.2 and 308.7 cm −1 . Annealing induced changes in the Raman frequency and relative intensity of these RBM modes are indicative of the removal of structural defects that form near-perfect and higher fraction of SWNTs in the sample. Figure 7͑b͒ shows the changes in the characteristics of D and G modes with vacuum annealing at different temperatures. D-band originates from asymmetry mode activated by loss of translational symmetry due to defects. This peak arises due to breathing modes of A 1g symmetry involving phonons near the K zone boundary ͑hexagonal corners of two-dimensional Brillouin zone͒. 31 G mode is related to graphitic E 2g mode corresponding to tangential vibrational modes of carbon atoms. Changes in the second order Raman modes GЈ-mode, 2LO mode and 2G mode of SWNTs are shown in Fig. 7͑c͒ . The GЈ mode corresponds to a twophonon scattering process of phonons around the K point, and it is independent of presence of structural defects. In SW-300°C, the intensity of the G band is lower as compared to virgin SWNT, whereas D band intensity is slightly higher. Further with the increase in the annealing temperature to 500°C, intensity of the G band drastically reduces along with the reduction in D band intensity. Annealing at 700°C shows an increase in the intensity of G band and simultaneous decrease in the intensity of D-band, which implies a structural improvement upon vacuum annealing at 700°C in agreement to our TGA results. Annealing at higher temperature ͑1000°C͒ shows increase in the intensity of both D and G-bands. The optimum temperature of vacuum annealing for structural improvement can be decided by using the intensity ratio of D and GЈ band represented by I G Ј / I D shown in Fig. 7͑d͒ . Sample purity is usually charac- terized using the intensity ratio of D/G band in the Raman spectra from SWNTs, in analogy to the characterization normally done in carbon-based materials. 32 However, relative changes in the D-band and GЈ-band Raman spectra is usually used for material characterization to probe and monitor structural modifications of the nanotube sidewalls that come from the introduction of defects. I G Ј / I D ratio has been found to be comparatively more sensitive than I G / I D to changes in purity of samples. 33 In Fig. 7͑d͒, 700°C annealed sample ͑SW-700°C͒ shows largest value of I G Ј / I D ratio. Thus, it is concluded that within the temperature range studied in this work, 700°C is the most optimum temperature for vacuum annealing of SWNTs to improve the thermal stability and structural property of SWNTs. Figure 8͑a͒ shows the Raman spectra of MWNTs before and after vacuum annealing. In MWNTs, low frequency RBM modes were not observed in the present study. In this case, besides the characteristic D, G and GЈ modes, another defect related mode ͑DЈ͒ mode was observed at ϳ1610 cm −1 . 34 Figure 8͑b͒ shows the variation in intensity ratio of I G Ј / I D with vacuum annealing temperature. It is evident that 1000°C annealed sample show highest intensity ratio for MWNTs and thus a relatively higher temperature annealing is essential for achieving improved structure of MWNTs. Hence, 1000°C is the optimum temperature for defect annealing through vacuum annealing in case of MWNTs. The correlation of Raman data with the TGA analysis show that samples having lower value of I G Ј / I D ratio oxidize at lower temperature. Thus apart from lattice strain due to curvature effect, structural defect plays an important role in deciding oxidation kinetics of CNTs.
E. VSM studies of metal catalysts
In order to assess any possible role of magnetic impurities for the oxidation kinetics of MWNTs, magnetic impurity content was further measured using VSM. Since TGA has limitation in the mass resolution for detection of residual impurities, VSM studies are performed to get a more accurate but relative measure of the amount of metal catalysts present in various samples. M-H loops for different diameter MWNTs are shown in Fig. 9͑a͒ . Ignoring the possible contribution of defects in the magnetization behavior of MWNTs, saturation magnetization per gram ͑M s ͒ of a sample is expected to be proportional to the amount of catalyst present in the sample. Hence, the relative concentration of catalyst particles in the form of magnetic impurities is assessed from M s value. The results are compared with the residual metallic catalyst estimated from TGA studies. Highest value of M s is observed in CNT-7 with lowest diameter MWNTs, and then follows CNT-80, CNT-50, CNT-30, and CNT-15 having almost similar M s , and the lowest M s is observed for CNT-20. In the M-H curve, a saturation of magnetization is observed at a field of 3000 Gauss and with further increase in the magnetic field the magnetization linearly decreases indicating the diamagnetic behavior originating from the perfect tubular graphitic structure. Amount of catalyst as estimated from TGA studies listed in Table I show the highest metal residue of 4.56 wt % for CNT-7, which correspondingly shows the highest value of M s in Fig. 9͑a͒ due in CNT-50 as compared to that in CNT-80, the M s value observed for CNT-80 is higher. CNT-30 shows relatively low M s ͑0.21 emu/gm͒ value corresponding to small amount of catalyst ͑0.12 wt %͒ as estimated from TGA measurements. CNT-15 and CNT-20 shows very low M s value which is consistent with the TGA results that showed no measurable residual catalyst. We find that magnitude of M s is identical for CNT-15 and CNT-30. These results show that the measure of M s is a sensitive tool for estimating the amount of metal residues present in a sample. The advantage of using this technique would be that it does not include any complication like weight variation due to formation of metal oxides, carbon encapsulated metal particles or, free nanoparticles, heating and air flow rate dependences etc. Figure 9͑b͒ shows the correlation between metallic impurities estimated from TGA and saturation magnetization observed from VSM studies of different diameter MWNTs. Except in CNT-50, all other samples show a one to one correspondence between metallic impurities content and observed M s . Figure 9͑c͒ shows the variation in T ox with the amount of catalyst present in the sample, represented by M s . Other than CNT-7 where metallic catalyst weight is comparatively high 4.56% and nanotube diameter is extremely low ͑few walled structure͒, other samples do not show any significant change in T ox with change in saturation magnetization, i.e., with amount of metallic impurities. Thus, there is no direct correlation between T ox and magnetic impurity content. Therefore, it can be concluded that metallic impurity content does not influence the oxidative stability of MWNTs. It is the nanotube curvature related to a specific diameter and the amount of defects present in the nanotube walls that determine the oxidative stability of MWNTs. The oxidative stability can be considerably improved by vacuum annealing of MWNTs. It is found that a major improvement in oxidative stability is observed for SWNTs as compared to the MWNTs.
F. Discussions
We have observed a clear diameter dependence of oxidative stability of SWNTs and MWNTs. It is seen that lower the diameter of the nanotube, lower is the oxidative stability. In case of unannealed SWNTs, nature of the mass-loss curve in TGA spectra shows that not only the oxidation temperature is lower but also the rate of oxidation is faster in SWNTs as compared to that in lowest diameter MWNTs. Even in the lowest diameter MWNTs due to few wall structures, during oxidation first the outermost layer is burnt and then it proceeds to outer layers and thus it results in higher oxidation temperature. In SWNTs, the both defects and strain play significant role in the oxidative stability as revealed from vacuum annealing studies. During annealing, besides the defect reduction there might be relaxation of structure that leads to strain relaxation. The angle between covalent bonds in the nanotube lattice is a function of curvature, being proportional to inverse of radius square. As the nanotube radius increases the bond angle approaches the expected 120°found in graphene. Further, due to high curvature of tube walls in low diameter nanotubes, defects are likely to be present in the walls of SWNTs and oxidation proceeds relatively fast in such tubes compared to the MWNTs. It is well known that oxidative stability of nanotubes depends on the method and temperature of growth of nanotubes. Given the fact that a comparatively low temperature is used in CVD synthesis compared to the growth temperature used in laser ablation or arc deposition and absence of electric field during growth results in higher defect density in CNTs leading to lower burn off temperatures. 9 In MWNTs, the TGA results showed that after vacuum annealing at 500°C the oxidation temperature is increased considerably. However, it is observed that the mass-loss starts at relatively much lower temperature than even the virgin MWNTs. This is possible if defects are present in the structure and after annealing these defects may form aggregates that may eventually leads to formation of fewer numbers of extended defects such as voids or holes in the nanotube wall. These holes acts as an efficient site for enhanced oxidation and due to their low density, initially the mass-loss is very low. However, overall thermal stability of the structure improves upon thermal annealing and a higher T ox is obtained upon annealing. Note that the Raman analysis on annealed MWNTs shows the highest I G Ј / I D ratio for 1000°C annealed samples, in contrast to the TGA results that shows a lower T ox in this sample. Raman analysis of structural perfection in CNTs is considered to be reliable from the measure of I G Ј / I D ratio. The apparent discrepancy can be understood in the following way. While TGA profile is expected to be strongly affected by all kinds of structural defects, intensity of Raman D-band may not reflect the actual content of extended defects such as holes or voids in the structure. D-band Raman signal primarily reflect the sp 3 carbon content in graphitic materials and the sp 3 signal has got about 50 times lower scattering cross section at visible excitation wavelength compared to that of sp 2 carbon bond. Since our Raman measurements were performed at 488 nm, the measured D-band intensity may not reflect the actual content of sp 3 carbon in these samples. Thus, TGA results are considered to be more appropriate for studying the defects content that decides the thermal stability of nanotubes more reliably. Diameter dependence of the I G Ј / I D ratio show that defect concentration does not decrease systematically with increasing diameter, while the oxidative stability increases systematically with increasing diameter. Hence, observed diameter dependent T ox is primarily caused by the curvature effects of nanotubes. At higher curvature, the CNTs are more strained and due to defects in the strained sites oxidation proceeds fast leading to a lower T ox .
We have found that though the metal catalyst content is different in different diameter MWNTs ͑diameters: 15-80 nm͒, T ox is not significantly different for these nanotubes. Thus the metal catalyst does not influence the oxidative stability of the MWNTs in a significant way. This is consistent with previous studies. 9 In large diameter MWNTs, the curvature induced strain is less and hence higher thermal stability is observed. Annealing studies show that improvement in thermal stability is considerably high in SWNTs compared to MWNTs. It may be due to the combined effect of strain relaxation and defect removal caused by annealing that leads to higher oxidative stability. From HRTEM studies, we have shown that interlayer d-spacing is considerably lower in large diameter MWNTs. This is likely to be caused by higher ordering in graphitic stacking and diminishing defect density. 35 
IV. CONCLUSIONS
Through careful analysis of the TGA profile for MWNTs of wide range of diameters, we have found a systematic diameter dependence of oxidative stability in MWNTs. SWNTs and low diameter MWNTs show lower T ox consistent with the high curvature and associated lattice strain. From a combined TGA and Raman analysis, we show that higher thermal stability of large diameter MWNTs is primarily due to low lattice strain and low defect density in the lattice. Studies on vacuum annealed samples shows that structural defects and strain influence the oxidative stability of SWNTs in a stronger way than that of MWNTs. This is the first result where we have shown clear diameter dependence of the oxidative stability of MWNTs of very wide diameter range ͑7-100 nm͒. For the data analysis, we have shown the superiority of reverse Sigmoidal fitting to the experimental TGA data as compared to the commonly used Gaussian fitting for estimating amount of different phases. SDTA profiles of MWNTs show two peaks at ϳ420-470°C and at ϳ630°C due to difference in lattice strain originating from different curvatures of inner and outer walls. Vacuum annealing studies reveal that optimum annealing temperature for strain relaxation and structural defect removal is 700°C for SWNTs and 500°C for MWNTs. The difference in the nature and concentration of structural defects between SWNTs and MWNTs may lead to different annealing temperatures required for defect annihilation. VSM studies shows that the value of saturation magnetization per gm is a more sensitive tool compared to TGA for estimating the amount of metal residues present in the sample. It is also found that magnetic impurities do not influence the oxidative stability of MWNTs.
